A novel surface-imprinting polymer (MIP/K 2 Ti 6 O 13 ) was prepared using potassium hexatitanate whiskers (K 2 Ti 6 O 13 ) as the carrier employing electrostatic interaction and π-π interaction between the template molecule [dibenzothiophene (DBT)] and the functional monomer [4-vinylpyridine (4VP)]. The synthetic polymer was characterized via Fourier-transform infrared (FT-IR) spectroscopy, surface area and porosity analysis, and X-ray diffraction (XRD). Static adsorption experiments were conducted to evaluate the adsorption kinetics, adsorption isotherms and adsorption selectivity of MIP/K 2 Ti 6 O 13 . Adsorption kinetic studies revealed that a contact time of 300 min was necessary to attain equilibrium. Adsorption isotherm studies indicated that the capacity of MIP/K 2 Ti 6 O 13 towards the adsorption of DBT at 298 K, 308 K and 318 K was 16.18 mg/g, 22.74 mg/g and 29.89 mg/g, respectively. Selectivity experiments showed that the adsorption capacity of DBT on MIP/K 2 Ti 6 O 13 was greater than for the other three analogues, while the imprinting factor towards DBT (α) was 2.06.
INTRODUCTION
Sulphur compounds in fuels are converted to SO x during combustion. Not only is this a major source of air pollution, but it is also a poisoner of reformer catalysts (Xiao et al. 2008) . Dibenzothiophene (DBT) is one such sulphur compound which accounts for up to 70% of the total sulphur compounds in fuel. Indeed, DBT is widely recognized as a model target compound for more efficient desulphurization processes (Castro et al. 2001) .
For these reasons, governments all over the world have implemented more stringent regulations and fuel specifications to minimize environmental damage by sulphur compounds. Currently, in a refinery, the removal of sulphur from fuel is mainly achieved via the so-called hydrodesulphurization (HDS) process, which although effective in removing sulphides, thiols and thiophenic compounds, has difficulties in reducing DBT and its alkyl derivatives [4-methyldibenzothiophene (4-MDBT), 4,6-dimethyldibenzothiophene (4,6-DMDBT), etc.], where the sulphur atom is sterically hindered by the alkyl groups. In addition, the HDS process requires high temperatures of ca. 623 K and high pressures of ca. 4 MPa, resulting in high capital and operating costs (Thomas et al. 2010; Xu et al. 2010; Dai et al. 2007) .
From an economic and environmental point of view, interests are now focused on adsorption desulphurization. The main adsorbents include activated carbon (Cao et al. 2008) , SBA-16 (Shah et al. 2010) , Y-zeolite (Jayaraman et al. 2006) , etc. However, to date, molecularly-imprinted polymer (MIP) composites which can be processed under mild conditions have been rarely employed as adsorbents for removing DBT and its alkyl derivatives from fuel.
Since the molecular-imprinting technique (MIT) was first reported (Wulff et al. 1972; Vlatakis et al. 1993) , it has received much attention and developed rapidly. The process of synthesizing MIP can be explained as follows. A molecular monomer functioning as a template is co-polymerized with a cross-linker, thereby obtaining MIP with specific binding sites (Krupadam et al. 2010a,b) . However, it should be noted that the preparation procedure is tedious and inefficient. Thus, for example, the synthetic polymer needs to be crushed into small particles for further use, leading to the possibility that the highly cross-linked polymer networks may be damaged. On the other hand, the synthetic polymer also has its inherent shortcomings, such as recognition sites buried deeply within the body of the material and poor binding capacity (Gao et al. 2007; .
Surface-imprinting appears to provide the most promising way for overcoming such difficulties. Some successful examples of this technique have been reported, e.g. surface-imprinted film/nanowires (Niu et al. 2008; Yang et al. 2005) . These studies have one thing in common, viz. that MIP is prepared on the surfaces of solid substrates, allowing the recognition sites to be exposed after removal of the template molecule. The resulting MIP composites have the advantage of possessing more accessible sites and a high binding affinity (Gao et al. 2010 ). In addition, they are less expensive and have been widely applied in many different fields, such as sensors (Wang et al. 2009 ), chromatographic separation (Wei et al. 2007 ), solid-phase extraction (Lu et al. 2010) and catalyst preparation (Erdem et al. 2010 ).
In the work described herein, a new carrier -potassium hexatitanate whiskers (K 2 Ti 6 O 13 ) -is introduced. The MIP is then prepared on the surface of K 2 Ti 6 O 13 (MIP/K 2 Ti 6 O 13 ) via the surfaceimprinting technique using DBT as the template molecule, 4-vinylpyridine (4VP) as the functional monomer, ethyl glycol dimethacrylate (EGDMA) as the cross-linker and azodiisobutyronitrile (AIBN) as the initiator. The synthetic polymer thus prepared was characterized by Fouriertransform infrared (FT-IR) spectroscopy, surface area and porosity analyses, and X-ray diffraction (XRD) studies. Subsequently, the performance of MIP/K 2 Ti 6 O 13 as an adsorbent was evaluated via a series of adsorption experiments.
EXPERIMENTAL

Materials
Potassium hexatitanate whiskers (K 2 Ti 6 O 13 ) were purchased from the Shanghai Whisker Composite Manufacturing Company, Ltd. (Shanghai, P. R. China). Azodiisobutyronitrile (AIBN), toluene, n-ctane and methanol were obtained from the Sinopharm Chemical Reagent Co. Ltd. (Shanghai, P. R. China), while 4-vinylpyridine (4VP, 98%), ethyl glycol dimethacrylate (EGDMA, 98%), dibenzothiophene (DBT, 98%), benzothiophene (BT, 99%), 4-methyldibenzothiophene (4-MDBT, 96%) and 4,6-dimethyldibenzothiophene (4,6-DMDBT, 97%) were all obtained the Sigma Chemical Company (St. Louis, MI, U.S.A.). The corresponding structures of DBT, BT, 4-MDBT and 4,6-DMDBT are shown schematically in Figure 1 . All other chemicals used were of analytical grade and used as received without further purification.
Preparation of MIP/K 2 Ti 6 O 13
Potassium hexatitanate (K 2 Ti 6 O 13 ) was dissolved in 3 mol/ᐉ HCl with continuous stirring for 24 h. The resulting activated K 2 Ti 6 O 13 was washed with distilled water until the pH value of the wash water was 7. The resulting material was dried at 383 K for 24 h. DBT (1 mmol) and 4VP (4 mmol) were dispersed in 10 mᐉ of toluene and the resulting mixture stirred at room temperature for 4 h. Then, 20 mmol EGDMA, 0.1 mmol AIBN and 0.5 mmol activated K 2 Ti 6 O 13 were added to the above mixture, the resulting solution treated ultrasonically for 10 min, placed in a reactor which was purged with nitrogen for 10 min and then rapidly sealed. The reaction mixture was processed at 333 K for 24 h. The polymer produced was eluted using a mixed ethanol/acetic acid (9:1, v/v) solvent and then dried under vacuum at 333 K for 24 h. The final product thus obtained was MIP/K 2 Ti 6 O 13 . A schematic representation of the process employed for the preparation of MIP/K 2 Ti 6 O 13 is given in Figure 2 . Non-imprinted composites (NIP/K 2 Ti 6 O 13 ) were prepared in a similar fashion without the addition of DBT.
Instrumental analysis
Fourier-transform infrared (FT-IR) spectra were recorded using a Nicolet Nexus 470 FT-IR spectrometer (Thermo Nicolet, Madison, WI, U.S.A.) employing the KBr disk method. Values of the surface area, pore volume and pore diameter were obtained using an ASAP 2020 instrument (Micromeritics, Norcross, GA, U.S.A.) employing Brunauer-Emmett-Teller (BET), Dubinin-Radushkevich (D-R) and Barrett-Joyner-Halenda (BJH) methods. X-Ray diffraction (XRD) studies were performed on a Bruker AXS instrument (Bruker, Karlsruhe, Germany) employing Cu Kα radiation. A Varian gas chromatograph (GC) (Varian Instruments, Palo Alto, CA, U.S.A.) was used to detect the sulphur content of samples by the method of internal standard addition; the operating conditions employed were oven temperature = 373 K, injection port temperature = 523 K and detector temperature = 573 K.
Adsorption experiments
A model oil was prepared by dissolving DBT in n-octane, with the sulphur content of this model oil adjusted within the range 50-600 mg/ᐉ. Similarly, the sulphur contents of the model oils containing BT, 4-MDBT and 4,6-DMDBT were 360 mg/ᐉ, 540 mg/ᐉ and 580 mg/ᐉ, respectively.
A known volume (6 mᐉ) of a given model oil was added to 10 mg MIP/K 2 Ti 6 O 13 or NIP/K 2 Ti 6 O 13 . The resulting mixture was then subjected to steady oscillation at a constant The C atom in the pyridine ring possesses electron-withdrawing capabilities and hence the pyridine ring acts as the electron-acceptor. In addition, the aromatic ring of DBT serves as an electron-donor. Furthermore, despite their different electronic distributions, the C and N atoms on the pyridine ring are all sp 2 -hybridized with the corresponding p-orbitals being arranged perpendicularly to the plane of the pyridine ring, leading to the formation of a closed conjugated system via orbital overlapping. The aromatic ring of DBT also possesses a closed conjugated ring system but, in addition, the π-electronic cloud in the pyridine ring and aromatic ring of DBT are distributed on the two sides of the ring plane. In view of the above, it may be concluded that reactions involving DBT and 4VP occur via electrostatic and π-π interactions.
The FT-IR spectra of NIP/K 2 Ti 6 O 13 , MIP/K 2 Ti 6 O 13 and activated K 2 Ti 6 O 13 are depicted in Figure 3 . Trace c in the figure corresponding to activated K 2 Ti 6 O 13 exhibits the characteristic absorption for O-H bond stretching at 3383 cm -1 . This indicates that the sample contained an abundance of -OH groups on its surface. It should be noted that this absorption peak was absent from trace b corresponding to MIP/K 2 Ti 6 O 13 . However, in this case, new peaks appeared at 2982 cm -1 and 2954 cm -1 which were attributed to the stretching vibrations of C-H, and at 1458 cm -1 and 1391 cm -1 which were ascribed to the bending vibrations of C-H. The existence of absorption peaks corresponding to C=O and C-O-C at 1729 cm -1 and 1159 cm -1 were ascribed to EGDMA, while absorption peaks at 1596 cm -1 and 1648 cm -1 corresponding to C=C and C=N indicated the presence of 4VP. The changes in the positions of the above peaks all support the formation of imprinted and non-imprinted polymers on the surface of K 2 Ti 6 O 13 . In addition, the peaks depicted in trace a of Figure 3 are similar not only in shape but also in position to those in trace b, thereby confirming that DBT had been successfully removed from MIP/K 2 Ti 6 O 13 . The surface areas, pore volumes and pore diameters of activated K 2 Ti 6 O 13 , NIP/K 2 Ti 6 O 13 and MIP/K 2 Ti 6 O 13 are listed in Table 1 . When the surface of K 2 Ti 6 O 13 was coated with polymer, the surface area and the pore volume increased but the pore diameter decreased. From this, it is obvious that polymerization influenced the pore sizes in the samples studied. Thus, some mesopores and macropores were closed and/or changed into micropores. On the other hand, the data listed show that there were no essential differences between the textural characteristics of NIP/K 2 Ti 6 O 13 and MIP/K 2 Ti 6 O 13 , other than the surface area. Thus, it would appear that the difference in adsorption performance between NIP/K 2 Ti 6 O 13 and MIP/K 2 Ti 6 O 13 is attributable to the larger surface area of the latter sample.
The XRD patterns for MIP/K 2 Ti 6 O 13 before and after elution are presented in Figure 4 . It will be noted that some relatively strong reflection peaks appear in the 2θ range 10-80º. It will also be seen that the intensities and shapes of the reflection peaks for MIP/K 2 Ti 6 O 13 after elution were very close to those present before elution, indicating that the elution process had no effect on the crystalline structure of the sample. Figure 5 shows a representative kinetic plot for the adsorption of DBT onto MIP/K 2 Ti 6 O 13 at 318 K employing an initial DBT concentration of 500 mg/ᐉ. It will be seen that the adsorption rate increased rapidly during the first 60 min. However, due to the decreasing concentration of DBT and the increasing mass-transfer resistance, this initial rapid rate was followed by a long period during which the rate of adsorption was slower. After a sufficient lapse of time (300 min), the adsorption rate tended to zero and the curve became smooth and continuous, thereby indicating Novel Surface-imprinting Polymer for the Adsorption of Dibenzothiophene 635 that saturation had been achieved. Thus, 300 min was chosen as the optimum contact time for the further adsorption experiments described below. The experimental data obtained in the kinetic studies were evaluated by the application of suitable kinetic models. Those applied in the present study were the pseudo-first-order model, pseudo-second-order model and intra-particle diffusion model. Employing the relationships listed by Abramian and El-Rassy (2009) for these models, the corresponding kinetic parameters were calculated and are summarized in Table 2 . In contrast to the pseudo-first-order model, the pseudosecond-order model fitted the experimental data well as indicated by the higher correlation coefficient (R 2 > 0.998), while the calculated value of q e [q e (calc.)] estimated from the pseudosecond-order model showed good agreement with the experimental value of q e [q e (exp)]. The intra-particle diffusion model was used in an attempt to explain the rate-limiting step in the adsorption process. However, despite employing linear regression, the corresponding plot did not pass through the origin but exhibited an intercept (C > 11.83), thereby suggesting that intra-particle diffusion was not the sole rate-limiting step. These studies show that the pseudo-second-order model provided the best fit for the adsorption data of DBT onto MIP/K 2 Ti 6 O 13 , indicating that the rate-limiting step in the adsorption mechanism was chemical adsorption. Figure 6 shows the adsorption isotherms of DBT onto MIP/K 2 Ti 6 O 13 at different temperatures employing initial DBT concentrations in the range 50-600 mg/ᐉ. It will be seen that the adsorption of DBT onto MIP/K 2 Ti 6 O 13 increased as the initial concentration of DBT increased. This may be related to the increase in the driving force of the concentration gradient, brought about by increasing the initial concentration, resulting in a larger extent of DBT adsorption. In addition, the performance of MIP/K 2 Ti 6 O 13 was better at higher temperature, both due to the increase in the activity of MIP/K 2 Ti 6 O 13 and the increase in the kinetic energy of the system. These factors led to an increase in the energy of the DBT molecules so that more of them reached the surface of MIP/K 2 Ti 6 O 13 and were adsorbed. To further test the affinity between the adsorbate and the adsorbent, and to optimize the adsorption equilibrium process, the experimental data were analyzed using the Langmuir and Freundlich models (Gimbert et al. 2008) . Employing the formulae listed by Sreejalekshmi et al. (2009) allowed the corresponding constants and correlation coefficients to be calculated. These are listed in Table 3 . As seen from this table, the values of the corresponding correlation coefficients at the various temperatures studied indicate that the Freundlich model provided a better fit to the experimental data than the Langmuir model. Moreover, the Freundlich parameter K F (0.13 < K F < 0.33) increased as the temperature increased, suggesting that the adsorption of DBT onto MIP/K 2 Ti 6 O 13 increased with increasing temperature. In addition, the values of the Freundlich parameter n (1.35 < n < 1.42) were all greater than unity, indicating that the adsorption of DBT onto MIP/K 2 Ti 6 O 13 was favourable. Such results suggest that multilayer adsorption might be the primary process occurring in this system.
Adsorption kinetics
Adsorption isotherms
Adsorption selectivity
Benzothiophene (BT), 4-methyldibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) ( Figure 1 ) were chosen as substrates to provide data regarding the comparative adsorption selectivity of MIP/K 2 Ti 6 O 13 . The sulphur contents of model oils containing DBT, BT, 4-MDBT or 4,6-DMDBT were 500 mg/ᐉ, 360 mg/ᐉ, 540 mg/ᐉ and 580 mg/ᐉ, respectively. In addition, the imprinting factor (α) and the selectivity factor (β) were employed to provide quantitative assessments ). The imprinting factor (α) may be expressed by the relationship:
(2)
where Q MIP (mg/g) and Q NIP (mg/g) are the amounts of DBT or the corresponding analogues adsorbed onto MIP/K 2 Ti 6 O 13 and NIP/K 2 Ti 6 O 13 , respectively. Similarly, the selectivity factor (β) is given by:
where α DBT and α ana are the imprinting factor towards DBT and the corresponding analogues, respectively.
The adsorption capacities of MIP/K 2 Ti 6 O 13 and NIP/K 2 Ti 6 O 13 towards DBT, BT, 4-MDBT and 4,6-DMDBT are depicted in Figure 7 . It will be seen that MIP/K 2 Ti 6 O 13 exhibited a lower adsorption capacity towards BT, 4-MDBT and 4,6-DMDBT than towards DBT, whereas NIP/K 2 Ti 6 O 13 exhibited virtually the same adsorption capacity towards DBT and the four analogues. These results may be explained as follows. Since 4-MDBT and 4,6-DMDBT possess a larger molecular volume, they could not be fitted into the imprinting cavities due to steric hindrance, thereby resulting in their low adsorption capacities. On the other hand, the smaller mass of BT led to its ready diffusion into the imprinting cavities, leading to non-specific adsorption which was higher than that of 4-MDBT or 4,6-DMDBT but lower than that of DBT. Furthermore, due to the absence of the template DBT, NIP/K 2 Ti 6 O 13 did not possess specific imprinted sites and imprinting cavities. This led to all four analogues possessing the similar adsorption capacities on this adsorbent. The values of the imprinting factor (α) and the selectivity factor (β) for the non-competitive adsorption of the DBT analogues are listed in Table 4 . These data show that DBT exhibited a value of α of 2.06, which was greater than that towards BT (1.09), 4-MDBT (1.17) or 4,6-DMDBT (1.22). The corresponding values of β for BT, 4-MDBT and 4,6-DMDBT were 1.89, 1.76 and 1.69, respectively. These results explain why MIP/K 2 Ti 6 O 13 exhibited a higher selectivity towards DBT, and why the adsorption extent of the other three analogues was similarly low in value.
CONCLUSIONS
The successful preparation of MIP/K 2 Ti 6 O 13 is reported. The adsorption capacity of MIP/K 2 Ti 6 O 13 towards dibenzothiophene (DBT) at an initial concentration of 500 mg/ᐉ was determined as 26.25 mg/g at 318 K, while the imprinting factor (α) for DBT was 2.06. In addition, the adsorption kinetics of DBT onto MIP/K 2 Ti 6 O 13 could be well described by the pseudo-second-order model, while corresponding equilibrium data were well fitted by the Freundlich model. In comparison to analogous compounds, MIP/K 2 Ti 6 O 13 exhibited a high adsorption capacity and selectivity towards DBT. The studies reported demonstrate the possibility of applying MIP/K 2 Ti 6 O 13 as a costeffective adsorbent for DBT from fuel.
